Liquid phase sintering based on the dissolution-precipitation mechanism was applied to densify a 0.8 micrometer SiC powder with alumina (1.2 vol%)-yttria (0.9-3.3 vol%) additives. To uniformly distribute the sintering additives around the SiC particles, a heterocoagulated particle network was formed among negatively charged SiC particles, positively charged 0.2 micrometer alumina and yttrium ions in an aqueous suspension at pH 5. Yttrium ions were electrostatically adsorbed on the negatively charged SiC surfaces. The consolidated green compacts were highly sintered to 97-99% of theoretical density by hot-pressing at 1950°C. The mechanical properties (four-point strength, fracture toughness and Weibull modulus) were highly enhanced when a bimodal particle size system of SiC (0.8 micrometer-30 nanometer SiC) was sintered. The maximum strength of 75 vol% 0.8 micrometer SiC-25 vol% 30 nanometer SiC reached 1.1 GPa at room temperature. The fracture toughness was about 6 MPa·m 1/2 and the Weibull modulus was 5.9. When a small amount of SiC precursor polymer was infiltrated in the green compact, the strength and Weibull modulus were further improved.
Introduction
Alliegro et al. succeeded in the densification of SiC powder with Al, B, Ca, Cr, Fe, Li, and Ni metal additive. 1) Silicon carbide could be hot-pressed to 98% of theoretical density when 1 mass% aluminum was added. In 1973, Prochazka and Scanlan succeeded in the densification of β-SiC by pressurelesssintering.
2) They added a small amount of B (0.4-1.0 mass%) and C (0.9 mass%) to fine SiC particles (specific surface area 9 m 2 /g) and sintered SiC to 94-96% relative density at 2020°C. Rijiswijk and Shanefield reported the data on the lattice diffusion of carbon and silicon.
3) Figure 1 shows the self-diffusion coefficients (D) of Si and C in SiC. Line (a) corresponds to DC in grain boundary diffusion in a Si-rich atmosphere. All the other lines represent the D values in the lattice diffusion of α-SiC (lines b, d, e, f and h) or β-SiC (lines c and g). In a Si-rich atmosphere, DSi is lower than DC and the sintering rate is dominated by DSi. In a carbon-rich atmosphere, DC is lower than DSi and the sintering rate is controlled by DC. The excess carbon in SiC enhances the value of DSi. Greskovich and Rosolowski 4) showed that the reduction of the surface area during sintering starts at a much higher temperature in the compact with both boron and carbon than the compact with only carbon. This result indicates that boron prevents the mass transport by surface diffusion.
The SiC sintered with B and C shows the excellent properties in strength, creep and oxidation resistance. The pointed out problems are the high temperature processing over 2000°C and the relatively low fracture toughness. On the other hand, the sintering additives of Al-C 5) and Al-B-C 6) systems are reported to be effective in the pressureless-sintering of SiC. The Al-B-C system forms a liquid at a high temperature and SiC can be sintered by liquid phase sintering. Furthermore, the oxide additive systems can densify SiC at a low temperature by liquid phase sintering. The SiO2-Al2O3-Y2O3 liquid promotes effectively the densification by a dissolution-precipitation mechanism of submicrometer-sized SiC.
7)-13) The SiO2 component is naturally formed on the surface of as-received SiC powder. The produced SiC shows a high fracture toughness because of the crack propagation along grain boundaries. JCS-Japan 24.1 GPa of hardness. Zhou et al. 15) used a pulse electric current sintering method to densify β-SiC and α-SiC powders with a few weight percent of Al2O3-Y2O3 or Al4C3-B4C-C additives. Compared with the Al4C3-B4C-C additives, the Al2O3-Y2O3 additives provided a higher fracture toughness and a lower hardness. The fracture mode of the SiC with Al2O3-Y2O3 additives was mainly intergranular, whereas the SiC with Al4C3-B4C-C additives exhibited almost intragranular fracture that was attributed to the higher interfacial bonding strength. 15) Zhou et al. 16 ) also reported the processing strategy for improving the mechanical properties by modifying the chemistry of secondary phase. Four kinds of RE2O3 (RE = La, Nd, Y, and Yb), in combination with alumina, were used as sintering additives for a submicrometersized β-SiC powder. RE2O3-Al2O3 additives of 5 vol% densified SiC to near full-density at 1800°C by hot-pressing. The grain size of SiC was 0.76-0.91 μm and almost independent of the kinds of rare earth elements used. However, it was found that addition of the smaller rare earth element increased the Young's modulus, hardness and bending strength of the SiC ceramics, whereas the fracture toughness was improved by incorporating larger rare earth element. During the hot-pressing, RE2O3-Al2O3 additives react with SiO2 on SiC surfaces to form a rare earth aluminosilicate liquid, which dissolves small SiC particles. On cooling, the RE-Si-Al-O-C liquid provided the following intergranular phases in dense SiC : LaAlO3 and LaAl11O18 for La2O3-Al2O3 additives, NdAlO3 and NdAl11O18 for Nd2O3-Al2O3 additives, Y3Al5O12 for Y2O3-Al2O3 additives, Yb3Al5O12 for Yb2O3-Al2O3 additives. The change in the mechanical properties was attributed to the difference in the physicochemical properties of intergranular phases produced.
Review
16) Kim et al. 17) used AlN-RE2O3 (RE = Y, Yb, Er) additives to densify SiC by hot-pressing. The SiC ceramics with AlN-Er2O3 showed a higher strength (~550 MPa at 1600°C) than the SiC with AlN-Y2O3 (~460 MPa at 1600°C).
17),18) Lee et al. 19) used Y3Al5O12 (YAG) as a sintering additive to densify a submicrometer-sized SiC powder by hotpressing at 1800°C. The hot-forging after the densification of SiC at 1900°C enhanced greatly the strength to 1150 MPa. A similar high strength above 1 GPa has been reported by the use of mixed starting powders of alpha-and beta-SiC with Al2O3-Y2O3-CaO additives 20) or AlN-Y2O3 additives. 21) After the densification at 1810-1960°C, these SiC compacts were heat-treated in air at 1100-1200°C. This healing at a relatively low temperature is a key technology to improve the strength and fracture toughness. As can be seen in Table 1 , the strength and fracture toughness of liquid phase sintered SiC are in the range from 440 to 720 MPa and from 3.4 to 7.0 MPa·m 1/2 , respectively. Further healing in air after the densification of SiC is effective to achieve the high strength above 1 GPa.
In our previous studies, the interaction of the SiC-Al2O3-RE 3+ ion system (RE = Yb, Y, Gd, Sm, Nd and La) in an aqueous suspension was investigated to disperse a small amount of the sintering additives uniformly around SiC particles. 13),22),23) The consolidated SiC compacts were highly densified by hot-pressing at 1850-1950°C.
11)-13), 24) On the other hand, it was found that the infiltration of a small amount of polytitanocarbosilane (PTC, precursor of SiC fiber) into SiC green compact with Y2O3-Al2O3 additives increases the sinterability, flexural strength and fracture toughness of the hot-pressed SiC and suppresses the grain growth.
25) The addition of 30 nm SiC to 800 nm SiC with Y2O3-Al2O3 additives also showed a similar effect and decreased the average grain size and flaw size in the hot-pressed SiC, and improved the flexural strength.
26)-28) The maximum strength was higher than 1 GPa. In this paper, these effects of processing on mechanical properties of SiC are reviewed.
Experimental procedure 2.1 Forming of green SiC compact with Y2O3-Al 2 O 3 additives
The following three kinds of SiC suspensions were consolidated into a rectangular shape by casting in a gypsum mold. (1) α-SiC powder of median size 800 nm (named as SiC A powder) was dispersed at 30 vol% solid in a 0. Table 2 .
Hot-pressing and mechanical properties of SiC
The consolidated green compacts were hot-pressed under a pressure of 39 MPa at 1950°C for 2 h in an Ar flow. The densities of the hot-pressed compacts were measured by the Archimedes method with kerosene. The flexural strength of hot-pressed SiC with 3 mm height, 4 mm width, and 38 mm length after polishing with diamond paste of 1 μm was measured by four-point flexural method over spans of 30 mm (lower span) and 10 mm (upper span) at a crosshead speed of 0.5 mm/min. The fracture toughness was evaluated by single-edge V-notch beam (SEVNB) method. The specimen was etched with the mixture of NaCl/ NaOH = 85/15 (molar ratio) at 600°C for 5 min in air for the microstructural observation by scanning electron microscope. (1) and (2) express the diffusive and convective transport, and mass transport by diffusion without convention, respectively.
29)
The arriving SiC molecules are attached to the SiC surface, leading to the grain growth of SiC,
where Ci is the concentration of SiC molecules at r = ∞, Cr the surface concentration of diffusing SiC molecules, C0 the equilibrium concentration for a rapid surface reaction (diffusion control), δ the effective diffusion layer thickness, ρ the density of crystal and t the time. The Cr is related to C0 by Eq. (3) if the particles are not too small,
where v is the volume per SiC molecule, γ the interfacial energy, k the Boltzmann constant, and T the temperature. The condition of dR/dt = 0 for Eqs. (1) and (2) gives Eq. (4) for a dilute solution
where Rc is the critical radius of SiC grain corresponding to dR/ dt = 0. Figure 3 shows the relationship between 1/Rc and Ci. The grains larger than Rc grow and the grains smaller than Rc shrink. The grain size distribution is an important factor controlling the dissolution and precipitation rates. As a result, the numbers of grains decrease because small grains dissolve and large grains grow, and a continuous increase in mean grain size occurs. The The interaction between SiC and the sintering additive was investigated using the following samples. A high purity SiO2 powder with a specific surface area of 200 m 2 /g was immersed in a 0.3 M-RE(NO3)3 solution at a volume ratio of SiO2/RE2O3 = 0.85/1.0. This volume ratio is same as the ratio of SiO2 layers on the SiC A to the amount of RE(NO3)3 fixed to the SiC surface in the suspension. The SiO2-containing RE(NO3)3 suspension at pH 5 was freeze-dried. This powder was calcined at 800°C for 2 h to change to SiO2-RE2O3 system. The calcined powder was formed to the sizes of 5 mm length, 5 mm width and 2 mm height by cold isostatic pressing at 294 MPa. On the other hand, 30 vol% SiC A powder without sintering additive in an aqueous solution containing PAA of 0.4 mg/m 2 at pH 5 was consolidated to the size of 10 mm length, 10 mm width and 3.5 mm height. The SiC powder was hot-pressed under a pressure of 39 MPa at 1950°C for 2 h in an Ar flow. The SiO2-RE2O3 compact was put on the porous SiC compact (71.2% relative density). These two compacts were heated at 1950°C for 10 min in an Ar atmosphere. 23 ) Figure 4 shows the appearance of the inside of SiC compact (a) before and (b) after the reaction with SiO2-RE2O3 liquid. 23) After the heating at 1950°C in an Ar atmosphere, the SiO2-RE2O3 compact on the SiC compact changed to a liquid phase and moved into the porous SiC compact. The infiltration depth was easily measured because of the change of the color of SiC compact. This liquid also reacted with SiC compact to form the concave on the surface of the SiC compact. The microstructure of SiC infiltrated with the SiO2-Yb2O3 liquid (point 1) was more porous than that of SiC without the interaction with the liquid (point 2). This observation indicates the dissolution of SiC grains into the infiltrated liquid. Figure 5 shows the concaved depth (a) and infiltration depth (b), measured at three different positions, after the reaction with the SiO2-RE2O3 liquid. The SiO2-RE2O3 liquid with smaller RE 3+ ion has a higher reactivity to SiC compact, indicating the higher solubility of SiC in the liquid. This result supports the high density (> 95% of theoretical density) of SiC with 1 vol% of Gd2O3,Y2O3 and Yb2O3, after the hot-pressing at 1950°C. 23) However, a lower sintered density was measured for the addition of Sm2O3 (82% density), Nd2O3 (85% density) and La2O3 (79% density). 23) In addition, the infiltration depth of the liquid increased when the ionic radius of RE 3+ ion decreased. This result reflects the high wettability of the liquid to SiC particles or low viscosity of the liquid with smaller RE 3+ ion, and supports the uniform distribution around SiC particles. Therefore, the high sinterability of SiC with RE2O3 of smaller RE 3+ ion is due to the high solubility of SiC and the uniform distribution of the SiO2-RE2O3 liquid around SiC particles. μm.
30),31) On the other hand, the SiC-RE2O3 system suppressed the grain growth as compared with the SiC-Al2O3 system and enhanced the strength and fracture toughness. 12),23) Both the addition of Al2O3 and Y2O3 to SiC, where the eutectic temperature of the SiO2-Al2O3-Y2O3 system is about 1400°C, produced the microstructures of average grain sizes of 2.9-3.5 μm. These sizes were the intermediate values between the grain sizes of SiC-Al2O3 system and SiC-RE2O3 system. The mechanical properties of the SiO2-Al2O3-Y2O3 system were close to those of the SiC-Y2O3 system system rather than the SiC-Al2O3 system. 11),24),32), 33) 3.2 Interaction between SiC and sintering additives in aqueous solution Figure 7 shows the amount of yttrium ions adsorbed on SiC particles in the suspensions with and without PAA at pH 5.0. The isoelectric points of powders A and B were almost same and pH 2.8. The amount of yttrium ions adsorbed on the negatively charged SiC A and SiC B was identical in the solution without PAA. The addition of PAA of 0.4 mg/m 2 -SiC to the SiC suspension affected no change of the amount of yttrium ions adsorbed. However, further addition of PAA (1 mg/m 2 ) to the mixed powder suspension increased the amount of yttrium ions fixed to the SiC surfaces. This result is explained by adsorpsion of yttrium ions to the SiC particles and to the fixed PAA. 22 ),34) PAA dissociates to produce negatively charged polymer and H + ions at pH higher than 3.
35) The negatively charged polymer is adsorbed on the positively charged SiOH + sites of SiC surfaces. When yttrium ions and PAA are added to a SiC suspension, the interaction between yttrium ions and PAA fixed to the SiC suspension occurs in addition to the adsorption of yttrium ions on the SiC surfaces. Figure 8 shows the influence of the addition of SiC B on the apparent viscosity of the SiC suspension at a shear rate of 76.7 s -1 , and on the density of the consolidated SiC compacts. 27) The apparent viscosity of the 20 vol% SiC mixed powder suspension was lower than that of a 30 vol% SiC A suspension because of the lower solid content and the electrosteric interaction of the adsorbed PAA. The apparent viscosity of the mixed powder suspension increased with the addition of SiC B, indicating the formation of the particle network by the heterocoagulation of the negatively charged SiC-positively charged Al2O3-negatively 
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charged PAA-Y 3+ ion system. The packing density of the mixed powder compact was lower than that of the SiC A compact and decreased with increasing amount of SiC B.
Densification of SiC through liquid phase sintering
Figure 9(a) shows the density of the SiC after hot-pressing at 1950°C as a function of the volume fraction of SiC B. The relative density reached 97.3 ± 1.3%, 99.2 ± 0.4%, 99.3 ± 0.9, 99.4 ± 0.4%, and 97.7 ± 1.5% in the SiC with 0, 5, 10, 15 and 25% SiC B, respectively. The addition of SiC B enhanced the sinterability of SiC A. This result is explained by the fast dissolution and precipitation rate (densification rate) of the SiC B particles in the liquid formed. Additionally, the formation of closed pores was inhibited in the final stage of sintering. The porosity of closed pores was 0.2-0.6% for A compact and 0.02-0.2% for M compact.
The role of SiC B on densification is also important. As seen in Fig. 9(a) , the sinterability of the SiC decreases at 25 vol% SiC B. This result is most likely due to the lack of sintering additives per m 2 of SiC surface. The specific surface area of the starting powder is larger for the SiC B than for the SiC A. Therefore, for a constant volume of sintering additives, the effective amount of the sintering additives per m 2 of SiC decreases with SiC B content as shown in Fig. 9(b) . With the same 25 vol% SiC B, the hotpressed density increased to 99.7% when the amount of Y2O3 was increased to 3.3 vol%. From the result in Fig. 9 , the critical amount of sintering additive for full densification is estimated to be 2 mg (Al2O3 + Y2O3) per m 2 of SiC. 25) The chemical interaction between the SiC particles and the oxide liquid increases with decreasing particle size. As discussed in section 3.1, the nanometersize SiC particles dissolve faster in the liquid, and precipitate on the surfaces of the submicrometer-size SiC particles. The above dissolution-reprecipitation mechanism proceeds during the hotpressing. Table 2 for samples. In compacts M15 and M25, the maximum strength reached 1070-1080 MPa. The addition of SiC B was effective in increasing the strength of the hot-pressed SiC. The fracture toughness was also improved in M25 compact. The increased flexural strength with the addition of SiC B is due to a decrease in the flaw size. 26) Increasing the amount of sintering additives (3.3 vol% Y2O3) at 25 vol% SiC B (M25-3Y compact) was effective in enhancing the sinterability (Fig. 9 ), but it decreased both the strength and fracture toughness. With increased density, the flaw sizes observed in sample M25-3Y became smaller than those observed in sample M25 with the same SiC B content. 26) Consequently, the decrease in the strength of M25-3Y sample is due to the decrease in the fracture toughness as shown in Fig. 11 (b) . Figure 12 shows the fracture probability for the SiC hotpressed at 1950°C. The solid lines represent the Weibull distribution function of the flexural strength and express well the experimental data. The Weibull modulus (m) was 11.4 for A compact, 12.1 for AP compact, 5.9 for M25 compact and 8.9 for M25-3Y compact and 11.3 for MP compact, respectively. The coefficient of correlation for the Weibull distribution analysis of the strength data of each SiC compact (15 specimens) was higher than 0.96. The addition of PTC to compact A gave little change of m value but increased the flexural strength. The addition of SiC B to SiC A increased the strength but gave little increase of the Weibull modulus. However, both the addition of PTC and SiC B to SiC A increased the strength without the decrease of Weibul modulus. Zhan et al. 36) reported the Weibull modulus of 5 for the SiC hot-pressed with 6.3 vol% Al2O3, 1.4 vol% Y2O3 and 0.9 vol% CaO at 1750°C. The Weibull modulus increased to 14 after the annealing at 1850°C for 4 h in an Ar atmosphere. Dutta 37) measured the Weibull modulus of the commercial silicon carbide materials (Kyocera, Carborundum and General Electric). The Weibull modulus of each group of SiC specimens was in the range from 7 to 11. As compared with these reported Weibull moduli, the present SiC compacts showed higher Weibull mod- 
JCS-Japan

